ABSTRACT Weather-tolerant Interferometric Synthetic Aperture Radar (IFSAR) is expected to generate data for biomass estimation in tropical rainforests. We tested this prediction by examining the performance of X-band IFSAR data in estimating total biomass (TB), i.e., the sum of aboveground and belowground biomasses, in a selectively logged tropical rainforest. Our explorations incorporated the effects of topographic conditions on the accuracy of the procedure used. TB was estimated by a rectangular prism procedure, an original method developed for this study, using IFSAR-derived canopy height data and revised biomass density data (i.e., apparent density of total aboveground biomass [AGB] under a canopy tree). For gentle terrain conditions such as alluvial place, we found a significant correlation between TB estimates provided by IFSAR and field measurement data. Through application of a correction procedure, we were also able to adequately estimate the mean value and frequency distribution of TB. Estimation of TB in complex landscape topographies was restricted by the bias in IFSAR data.
INTRODUCTION
The importance of tropical forests in global carbon cycling pertaining to climate change is widely understood (Brown and Lugo 1982; Houghton 2005) . Deforestation and degradation of a forest, however, have continuously occurred in developing countries of a tropical region. After publishing the Stern review (Stern 2007) and IPCC AR4 (2007) , "reducing emissions from deforestation and degradation" (also known as REDD) is a key strategy in mitigating climate change. To enhance REDD, a new framework was enforced to add "Conservation of forest carbon stocks, Sustainable management of forest, Enhancement of forest carbon stocks in developing countries" (as known as REDD＋). For it successful implementations, it is required to produce confidence estimates of both forest area and corresponding carbon stock over large geographic areas in the tropics. Remote sensing technologies provide potential tools for spatial scale biomass estimation and for determining changes in forest area and carbon stock; their applicability to tropical forests has already been subjected to critical evaluations (e.g., Foody et al. 2001; Foody et al. 2003; Lu 2005; Okuda et al. 2004; Phua and Saito 2003; Asner et al. 2010; Saatchi et al. 2011; Eckert 2012; Mitchard et al. 2014) , which have shown that, despite advantages of cost and time,
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TBf
Total biomass estimated from field measurement data (t ha -1 )
TBi
Total biomass estimated from IFSAR data (t ha -1 ) the use of many of these technologies in the tropics is frequently restricted by cloud cover (Gibbs et al. 2007) . Synthetic Aperture Radar (SAR) is an active microwave system that is able to operate regardless of cloud cover. Weather-tolerant SAR is expected to provide data for biomass estimation in tropical forests (Lu 2006) . Interferometric Synthetic Aperture Radar (IFSAR) is a form of SAR that is being developed as a cost-effective three-dimensional mapping tool (Li et al. 2004) . IFSAR data are now available for several tropical regions (Intermap 2010) . Nevertheless, there are difficulties in the application of IFSAR to forested areas. A backscattering coefficient-AGB relationship is ordinarily used to estimate biomass from SAR data. The longer wavelength SAR (e.g., L-band and P-band) used in this procedure is more appropriate for discriminating different biomass levels than shorter wavelength SAR (e.g., X-band and C-band) (Luckman et al. 1997) . However, even using longer wavelength, the radar signal tends to saturate in dense forests with high biomass and multiple stratified structure (forests with biomasses of 40-100 t ha -1 using L-band and at biomasses of 100-200 t ha -1 using P-band), which is the case in mature tropical stands (Gibbs et al. 2007; Le Toan et al. 2004; Dobson et al. 1992; Imhoff 1995) . Moreover, landscape topography (e.g., slope gradient and aspect) and canopy structure (e.g., vegetation type, crown shape, and stem density) affect the accuracy of IFSAR output (Andersen et al. 2008; Breidenbach et al. 2008; Hodgson et al. 2003; Izzawati et al. 2006) . Despite these limitations, IFSAR is expected to provide robust data for selectively logged tropical forests (Le Toan et al. 2004; Luckman et al. 1997) . Such stands have few stratified structure and lower biomass than an uncut forest has, a combination of attributes that may improve the performance of IFSAR. These expectations require critical ground-truthing in order to provide confidence estimates for the procedure.
Canopy height (CH) shows a high correlation with biomass (Mascaro et al. 2011; Mette 2004) . "Overstory height method" basing on this correlation is applicable to estimate aboveground biomass as well as "Backscattering coefficient method" (Hirata et al. 2012) . CH can be calculated by subtracting ground level altitude from canopy surface altitude. Radars that operate on different wavelengths (e.g., C, X, L, and P bands) provide different information on forest structure. X-band IFSAR data allow measurement of the canopy surface when they are incorporated into a digital surface model (DSM). Additionally, a digital terrain model (DTM) algorithm analyzes underlying terrain information (Intermap 2004 
MATERIALS AND METHODS
Study site
The study was conducted in the 47-B Forest Subcompartment (47-B FS) (2°58＇11＂N, 102°19＇41＂E, 43 ha) of Pasoh Forest Reserve (Negeri Sembilan, Peninsular Malaysia) ( Fig. 1-a, 1-b) . Thirty-seven hectares of this tract were selectively logged in 2005 under the SMS protocol. The logging ratio of big trees exceeding 50 cm in stem diameter was 87 % in stem number at our study area. The elevation was high on the northeastern boundary of the subcompartment and sloped gently toward the south with the maximum range of 98 to 170 m in altitude. The topography was more complex in the southwestern sector, where a hill was surrounded by a stream swamp ( Fig. 1-c) . The stream swamp tract was approximately 50 m wide and was partially waterlogged to the northeast of the hill. There was also a small stream in the eastern sector of 47-B FS. Apart from these landscape features, the topography was flat, and the soil was generally dry over the alluvial plain.
IFSAR data
IFSAR data for the study area were captured by the Intermap Company in 2008 using an airborne X-band sensor. X-band radar has a short wavelength of ≈3 cm and is able to detect tree canopy surfaces. The DSM was constructed using data captured by the sensor; these data comprised elevations measured for every surface visible to the sensor. Only emergent trees and main canopy layers were readily detected in forested landscapes. The elevation recorded was an integrated value of all responses over a resolution cell of an instrument. The DTM was constructed from measurements of bare ground in the DSM information using the TerrainFit ® algorithm, a proprietary software package developed by Intermap (Intermap 2004) . The DTM represents topographic landscape surfaces (Intermap 2004; Li et al. 2004) . Both DSM and DTM are three-dimensional models composed of coordinate and height data. The spatial resolution of the models is 5×5 m.
Biomass estimation
To ground-truth IFSAR estimations of TB, we established three belt transects in 47-B FS, one (B.T.1: 50× 200 m) on the hill in the southwestern sector of the FS, and two (B.T.2 and B.T.3: each 50×500 m) on the gentle terrain in the center of the subcompartment (a very small proportion of stream swamp was included in B.T.2) ( Fig. 2-a) . We did not deploy transects in the stream swamp. We divided these belt transects into 96 subplots (each 25×25 m) for convenience and estimated TB in each using IFSAR and field measurement data. We compared estimates with procedures described below. We adopted IFSAR data for each subplot basing on correspondence of their GPS data.
To obtain relationships between biomass for big trees above 30 cm in (diameters at breast height) dbh and all trees above 5 cm in dbh, we also performed supplementary census at eight plots (each of 30×30 m) in 47-B FS to have different AGB with the maximum range of 126-530 t ha
for all trees.
AGB estimation from field measurement data:
We conducted main censuses in the three belt transects in the period from 2011 to 2012 to estimate AGB. We recorded dbh and coordinates of all individuals exceeding 30 cm dbh using a diameter tape and a GPS device (Thales, Mobile Mapper), respectively. Tree heights (H) of recorded individuals were estimat- ed from dbh using the allometric relationship in Eq. ; AGBf 30 ). The AGB of all individuals exceeding 5 cm dbh (AGBf 5 ) was estimated from the regression in Eq. 5. The equation was parameterized with data obtained from supplementary census at eight plots in 47-B FS where we recorded dbh of all individuals exceeding 5 cm dbh using a diameter tape ( Fig. 3-a ] Eq. 5
The procedure of biomass estimation was shown in Fig. 4 diagrammatically. 
AGB estimation from IFSAR data:
To estimate AGB, we adopted a rectangular prisms method as a three-dimensional representation of the aboveground structure (i.e., structure including all aboveground vegetation layers) in the stands studied. The rectangular prisms were 5×5 m at the base (equivalent to the spatial resolution of the IFSAR data), and the CH value was used as a measure of prism height. Height of a prism was calculated by subtracting DTM from DSM in each grid of 5× 5 m. Then we defined height of a prism as canopy height at 5 m intervals. IFSAR-derived canopy heights (CHi) were calibrated using Eq. 6, which expresses the relationship between CHi and field-measured canopy height (CHf) (Fig. 3-b Parameters for these relationships were obtained from the dbh of a given canopy tree using Eqs. The procedure for calculating revised biomass density is shown in Fig. 4 . We subsequently determined the relationship between revised biomass density and canopy (prism) height, CH (Fig. 3-c (Fig. 4) .
BGB and TB estimation from IFSAR and field measurement data:
A strong correlation between AGB and BGB was obtained with dbh data from eight supplementary census plots (each 30×30 m) in 47-B FS. For this analysis, dbh data were converted to AGB and BGB values using Eqs. 1-4 and Eqs. 11-13, respectively (Niiyama et al. 2010 in which m r , m f , and bgbf are weights of coarse roots, fine roots, and total roots of a tree from field measurement data, respectively. The sums of aboveground biomass (AGB 5 ) and belowground biomass (BGB 5 ) for all individuals exceeding 5 cm dbh were calculated for each plot. The relationship is expressed by Eq. 14 ( Fig. 3-d 
The influence of topography
We examined effects of landscape topography on the application of IFSAR data to compilation of forest biomass inventories by observing the ground altitudes of reference points (N＝136) along nine survey lines in 47-B FS (from 2011 to 2012). Four lines were deployed in an east-west orientation and five in a north-south orientation without regard to slope gradient ( Fig. 2-b) . These lines were 100 to 500 m in length. The distance between neighboring reference points on each line was 20 m. A Vertex device was used for topographical measurements, and altitude and geographic coordinates of endpoints were obtained with a Mobile Mapper GPS device. We focused on DTM accuracy by analyzing the effects of topography on model output. The difference between mean DTM and mean observed ground altitude was analyzed using Wilcoxon signed-rank tests. Correlations between DTM and ground altitude were calculated using the Spearman＇s rank correlation coefficient. We also computed a revised coefficient of variance (C.V., Eq. 15, Ugawa et al. 2010) for each reference point. We defined a numerator of Eq. 15 to be a real number, though it should be an absolute value statistically. Then the positive and negative values of the C.V. indicate the overestimation and underestimation of DTM from reference ground altitude, respectively. The relationships of the C.V. with slope angle and ground altitude were analyzed using Spearman＇s rank correlation coefficients. A randomization test was used to calculate the P-values of the statistical analyses.
in which a symbol of GA is ground altitude.
RESULTS
Accuracy of TBi
We detected a significant correlation between TBi and TBf across all 96 subplots in B.T.1, B.T.2, and B.T.3 ( Fig.  6-a 
Accuracy of DTM
We found a significant correlation between DTM and ground altitude ( Fig. 7-a; N＝136, Spearman＇s rho＝0.64, P＜0.05) and no significant difference between mean DTM and mean ground altitude (131±10 m and 135±13 m, respectively) (P＝0.05). However, we observed an overesti- mate of 19 m and an underestimate of 20 m in the DTM data for reference points with ground altitudes of 114 m and 149 m, respectively. The C.V. of the reference points ranged from -10.44 % to 10.80 %. The absolute slope angle of the reference points ranged from 0° to 34°; ground altitudes ranged from 114 m to 167 m. The C.V. was not significantly correlated with slope angle ( Fig. 7-b ; N＝136, Spearman＇s rho＝-0.02, P＞0.05) but was significantly correlated with ground altitude ( Fig. 7-c ; N＝136, Spearman＇s rho＝-0.59, P＜0.05). The topography configuration computed by the DTM was less varied than the real landscape topography. As shown in Fig. 7 -c, there were large differences between DTM data and ground altitude for complicated topographies; for the stream swamp sector, DTM produced an overestimate with a high standard deviation (mean revised C.V.: 3.93± 3.72 %), whereas on the hill sector, DTM produced an underestimate with high standard deviation (-4.82±2.87 %). However, the difference between DTM calculations and true ground altitude was less evident on the alluvium (mean revised C.V.＝-3.12±2.07 %).
DISCUSSION
Influence of topographic conditions on biomass estimation
The significant correlation between TBi and TBf was not realized at B.T.1 on the hill sector, and was valid at B.T. 2 and 3 on the alluvium sector. This difference would be caused by DTM bias to topographic conditions. Hereby underestimation of DTM with high variances on the hill may well have precluded the correlation at B.T.1, though application of CHi calibration by Eq.6 being obtained from an alluvial site to a hill site might have some influences. Similarly, biomass estimation could be difficult for the stream swamp without revision by ground altitude, where we also detected DTM bias. High variances of DTM on the hill suggest that complex topographies limit biomass estimation by IFSAR. 
Other factors influencing biomass estimation
CHi was fairly underestimated from CHf at a gentle alluvial site even with less DTM bias (Eq. 6). Frequent gaps between trees increase penetration of radar signals to the lower layer of the forest, causing a downward bias in the estimation of canopy surface height (Breidenbach et al. 2008; Izzawati et al. 2006) , because an elevation recorded by IFSAR was an integrated value of all responses over a resolution cell of an instrument. Large horizontal variances of CHi with C.V.＝54 % as the average value suggests high occurrence of gaps by logging on an alluvial site. This would be one factor of this underestimation.
Our CHf data were collected 4 years after IFSAR data collection. This time lag could be another factor for the underestimation.
Capabilities of the rectangular prism method and suggestions for further study
TBi values were significantly correlated with TBf, and their mean values were not different in B.T.2 and B.T.3 both (Fig. 6-c, Fig. 3-c) . When we tried to adopt a constant value for biomass density, a wide range of TBf could not be estimated. Hereby this CH dependency of k could be considered to characterize structural features of a selectively logged forest stand.
Our data indicate that the rectangular prism method is probably more suitable than the backscattering coefficient-AGB relationship for estimations in selectively logged forests. In the backscattering coefficient-AGB relationship method, saturation occurs in forests with biomasses of 40 to 100 t ha -1 using L-band and at biomasses of 100 to 200 t ha -1 using P-band (Dobson et al. 1992; Imhoff 1995) . Our results suggest that with rectangular prism method, biomass estimation could be possible in selectively logged forests with TB up to ≈700 t ha -1 or AGB up to ≈550 t ha -1 as the maximum locally biomass.
Further improvement of the methodology may be expected through the use of high-accuracy DTM. Long wavelength radar, such as P-band, penetrates through the canopy and reflects from the underlying terrain surface, allowing for accurate construction of terrain surface elevation model (Andersen et al. 2005) . The propriety of P-band IFSAR may allow a reduction in the influence of DTM bias on biomass estimation. We therefore recommend an examination of rectangular prism method performance in combination with X-band DSM and P-band DTM. This approach could generate a useful procedure for REDD＋ implementation.
We conclude that the X-band IFSAR data were appropriate for estimating TB in the forest we studied. Statistically acceptable performance was achieved when the rectangular prism method was used in combination with a correction factor. However, IFSAR was appropriate only at sites with simple topographies. When landscape topography was complex, biomass estimation was not possible because the land surface form strongly affected DTM accuracy. The rectangular prism procedure was appropriate even in a stand where local biomass content exceeded the signal saturation limits of the backscattering coefficient-AGB relationship.
